Calcium (Ca 2+ ) signaling is a fundamental molecular communication mechanism for the propagation of information in eukaryotic cells. Cytosolic calcium ions integrate a broad range of hormonal, mechanical and electrical stimuli within cells to modulate downstream cellular processes involved in organ development. However, how the spatiotemporal dynamics of calcium signaling are controlled at the organ level remains poorly understood. Here, we show that the spatiotemporal extent of calcium signaling within an epithelial system is determined by the class and level of hormonal stimulation and by the subdivision of the cell population into a small fraction of initiator cells surrounded by a larger fraction of standby cells connected through gap junction communication. To do so, we built a geometrically accurate computational model of intercellular Ca 2+ signaling that spontaneously occurs within developing Drosophila wing imaginal discs. The multi-scale computational model predicts the regulation of the main classes of Ca 2+ signaling dynamics observed in vivo: single cell Ca 2+ spikes, intercellular transient bursts, intercellular waves and global fluttering. We show that the tuning of the spatial extent of Ca 2+ dynamics from single cells to global waves emerges naturally as a function of global hormonal stimulation strength. Further, this model provides insight into how emergent properties of intercellular calcium signaling dynamics modulates cell growth within the tissue context. It provides a framework for analyzing second messenger dynamics in multicellular systems. Second messengers | Gap junction communication | Spatiotemporal patterns | Information processing | Hopf bifurcation. C alcium ions (Ca 2+ ) mediate a large number of physi-1 ological and regulatory processes such as proliferation,
Here, we took a hierarchical modeling approach to recapit-81 ulate classes of spatiotemporal Ca 2+ patterns. At the cellular 82 level, we first extended a Ca 2+ signaling model described in 83 (18) (refer to Fig. 2 for a summary) and modified the activation 84 rate of IP3 receptors to match the experimental data. This 85 new modification of the model was necessary to match the 86 temporal characteristics of Ca 2+ oscillations derived from the 87 model with the experimental observations ( Fig. S1-S4 ). Next, 88 a chain of cells (1D-model) connected by gap junctions (GJs) 89 were considered in the model (Fig. S5 ). This led to the main 90 factors affecting propagation of Ca 2+ signals were identified 91 through analysis of kymographs. We then built a geometrically 92 accurate 2D-model depicted in Fig. 4 A and identified the cir-93 cumstances underlying various spatiotemporal Ca 2+ dynamics. 94 Finally, we validated the model with experiments. This en-95 abled us to map the qualitative classes of Ca 2+ signaling to 96 functional outcomes of relative tissue growth. Each step in 97 hierarchical modeling approach is briefly described in Material 98 and Methods, while the full description is given in Supporting 99
Information. Finally, we summarize the results and propose a 100 model linking the Ca 2+ signaling readout to size control.
101

Results
102
Accounting for calcium-dependent regulation of oscillation 103 duration is required to explain experimental measurements 104 of calcium dynamics. In this study, we used a system of cou-105 pled Ordinary Differential Equations (ODEs) to model the 106 basic Ca 2+ signaling components ( Fig.2A, B , see also associ-107 ated SI text). The baseline model is adapted from (18). At 108 the single cell level, the experimental Ca 2+ signals in the wing 109 imaginal discs exhibited much longer periods and width at 110 half maximum (WHM) compared to the original model of (18). 111 To match the experimental data, we modified the dynamical 112 equation of r as highlighted in Fig. 2 116 where in comparison to the original model of (18), the time 117 scale of r is modulated by Ca 2+ . The modification was neces-118 sary to match the temporal characteristics of the model with 119 the experimental data. This modification enables simultane-120 ous control over the frequency (by tuning τmax) and WHM 121 (by tuning kτ ) of Ca 2+ oscillations. Fig. 2 In the single cell model, V PLC encodes the maximum pro-135 duction rate of IP3 (refer to IP3 dynamics in Fig. 2B ). V PLC is 136 a Hopf bifurcation parameter. Consequently, if V PLC is above 137 a critical threshold value (V * PLC = 0.78), Ca 2+ oscillations arise 138 (Fig. 2 B) . The 170 2D mathematical model suggests that the particular form of 171 tissue-scale Ca 2+ signaling present in the epithelium depends 172 on two factors: (i) the spatial organization of IP3 production 173 with respect to the Hopf bifurcation, and (ii) the relative 174 strength of gap junction communication. Here, we provide 175 experimental results to validate key predictions of the model. 176 Throughout the rest of this study, Dp and Dc represent the 177 effective diffusivity of IP3 and Ca 2+ , respectively.
178
Gap junction inhibition in the presence of a stimulus leads to asyn-179
chronous Ca 2+ signaling. Cells exhibit oscillatory Ca 2+ dynamics 180 with no coordination among them when GJs were blocked 181 in the presence of hormonal stimulation (FEX stimulation, 182 Movies S1-S2). These results demonstrate the main role of 183 gap junction communication is in the coordination of activity 184 of spatiotemporal Ca 2+ patterns between cells in the tissue. 185 When the gap junctions are not blocked, a diverse range of 186 spatiotemporal patterns emerges in the experimental data ( 187 Fig. 1C ).
188
Inhibition of gap junction communication increases Ca 2+ spikes. The experiment summarized in Fig. 3 provides evidence that reduction of gap junction communication increases Ca 2+ signaling within individual cells under low levels of stimulation. Specifically, both control and test discs were cultured without using any external chemical stimulus such as FEX. The control shows almost no Ca 2+ activity (Fig. 3A ). However, when gap junction communication is blocked in the tissue, Ca 2+ spikes appear ( Fig. 3B ). Fig. 3C represents the simulation results to recapitulate the transition from no Ca 2+ activity to the emergence of spikes by decreasing gap junction permeability. Most of the cells have V PLC below the Hopf bifurcation threshold to simulate no external stimulus, except a tiny fraction of cells that have V PLC slightly greater than the bifurcation threshold. We then varied the gap junction permeability and computed the average Ca 2+ levels over the tissue by computing the average integrated Ca 2+ levels
Here, N is the total number of cells in the tissue, T is the 189 and (iv) global fluttering in ordinal progression by increasing 211 stimulus. The first three classes have a common feature: a 212 small fraction of cells in the tissue that serve as initiation sites 213 for the onset of Ca 2+ signals. However, in the global fluttering 214 mode, most of the cells in the disc are in active state. Fig. 4 215 D-G summarizes the simulation results for spikes, ICTs, ICWs 216 and global fluttering (also refer to SI simulation movies S4, 217 S6, S8, S13). These results demonstrate that the spatial distri-218 bution of V PLC , with respect to the Hopf bifurcation threshold, 219 is the key factor that determines the specific form of intercel-220 lular Ca 2+ signaling. Fig. 4 C illustrates the distribution of 221 V PLC , which leads to either Ca 2+ spikes, ICTs or ICWs. As 222 the distribution of IP3 production rates become closer to the 223 Hopf bifurcation threshold, the spatial extent of Ca 2+ signaling 224 becomes larger. In other words, a subpopulation of initiator 225 cells regulates the range of signal transmission by organizing 226 IP3 production rate with respect to a Hopf bifurcation and in 227 the presence of gap junction communication. This explains the 228 ordinal progression of Ca 2+ dynamics observed as the concen-229 tration of chemical stimulus such as FEX is increased. Fig. 4 230 H shows how Ca 2+ waves can form based on patterning of 231 maximum production of PLC activity (V PLC ). As depicted 232 in Fig. S20 , reducing V PLC in a stripe along A/P axis, while 233 keeping the rest of cells near Hopf bifurcation also leads to 234 spiral form of Ca 2+ waves (refer to SI simulation movie S10). 235 An example of such an experimental observed spiral wave is 236 depicted in the SI movie S9.
237
Gαq overexpression in the absence of stimulus induces 238
Ca 2+ waves and leads to reduced wing size. To further con-239 firm our prediction that the position of V PLC with respect 240 to Hopf bifurcation affects the overall Ca 2+ dynamics, we experimentally tested the effect of overexpressing Gαq on the 242 resulting Ca 2+ dynamics using the Gal4/UAS system (23, 24).
243
Gαq is one of the subunits of the G-protein that disassociates 244 in response to GPCR activation. Dissociated Gαq activates 245 phospholipase C to convert PIP2 to DAG and IP3 (25). Hence, 246 altering the levels of Gαq increases activation of PLCs in the 247 cytosol. We observed the robust formation of intercellular 248 Ca 2+ waves independent of FEX in the media (Fig. 5B, B' ).
249
The waves were periodic in nature and were similar to the 250 FEX-induced waves. We did not observe significant global 251 fluttering or spikes when we overexpressed Gαq in the wing 252 disc. We also observed that overexpression of Gαq resulted in 253 a decrease in the overall size of the wing ( Fig. 5 B" other ligands added to the organ culture affects Ca 2+ activity.
261
In addition to FEX, insulin is added often to organ culture 262 media to stimulate cell proliferation (26, 27). Hence, we asked 263 whether activation of insulin signaling regulates Ca 2+ activity.
264
Using GAL4/UAS system, we upregulated and downregulated 265 insulin signaling in the wing disc. Strikingly, we observed that mode has a specific spatial range. As a consequence, the spa-290 tial range of Ca 2+ signaling can be controlled by tuning tissue 291 level IP3 production rates. We showed that (i) upregulation domain of simulations to the wing pouch area, which will form the 358 wing blade, as it is well defined through many genetic studies (see imageJ. We traced the wing margin by following veins L1 and L5 395 and the wing hinge region was excluded from the size analysis. The authors gratefully acknowledge the Notre Dame Center for 419 Research Computing (CRC) for providing computational facilities. 420 We would like to thank Alexander Dowling and Maria Unger for 421 helpful discussions, and members of the Zartman lab for their 422 supports and critiques. 
Supplementary Information for Supporting Information Text
Outline. In this supplementary information, we provide a comprehensive hierarchical model of Ca 2+ signaling. Initially, we describe the Ca 2+ toolkit model used in the paper at the cellular level. Next, we built a 1D model consisting of a chain of cells 18 connected by gap junctions (GJ's). The purpose of the one-dimensional (1D) model is to uncover the collective spatiotemporal 19 behavior of Ca 2+ dynamics at the tissue level through the analysis of kymographs. Finally, we built an accurate 2D tissue 20 model that explains necessary and sufficient conditions for each of the spatiotemporal classes of Ca 2+ signaling patterns. For 21 convenience, most of 2D illustrations of SI figures are associated with supplementary videos in the form of simulation movies.
22
Baseline Ca 2+ model. We adapted a a model describing the dynamics of key components of the Ca 2+ signaling toolkit for individual cells as described in (1) . The model consists of four state variables representing the state of components of Ca 2+ signaling. c, p, s, r denote cytosolic concentration of Ca 2+ , IP3 concentration, concentration of Ca 2+ in Endoplasmic Reticulum (ER) and the fraction of IP3 receptors that has not been deactivated by Ca 2+ , respectively. The nominal parameters of the model and their meaning are summarized in Table S1 . The dynamics of IP3 is given by (1)
Here, Dp is the permeability of gap junctions (GJ's) with respect to IP3 . Note that the IP3 production rate given by the 23 parameter ν PLC refers to production of IP3 through PLC enzymes (PLC-γ or PLC-β). The parameter ν PLC is Ca 2+ dependent, 24 and ν deg is the degradation rate.
25
The dynamics of Ca 2+ concentrations within the cell cytoplasm is given by
where ν rel , νserca refer to release flux from ER and uptake rate to ER by SERCA ATPase, respectively. In this model, the 26 concentration of Ca 2+ inside ER is governed by
where β is the ratio of cytoplasmic volume to ER volume. Finally, the dynamic of IP3 inactivation by Ca 2+ is given by
The nominal values of the parameters and their descriptions in this model are described in Table S1 . Note that V PLC is the 31 maximum rate of IP3 production by PLC within the cell and depends on the agonist concentration, upstream of PLC activation.
32
In this baseline model, increasing V PLC increases the frequency of oscillations and decreases the amplitude of Ca 2+ signal.
33
Furthermore, V PLC serves as a bifurcation parameter. In nonlinear dynamical systems, a bifurcation parameter refers to a 34 parameter in the system when its value changes slightly, it can cause an abrupt change in the system behavior. Table S1 are unknown in the epithelial cells of wing imaginal discs. However, we used these parameters as initial, 37 baseline parameters. We subsequently modified differential equation describing r in Eq. (4) to match the experimental data.
38
Two important factors that needed to be calibrated were the duty cycle (the fraction of one period which the signal is active) 39 and the frequency of oscillations. Fig. S1 illustrates typical experimental ROI -based Ca 2+ signal of a wing disc, where the 40 period is in the order 10 minutes and duty cycle is 40 − 50%. Furthermore, we assumed that the total Ca 2+ concentration in a single cell model is fixed (when diffusion is allowed, this assumption is not valid anymore as can be seen in equation 3). For convenience, we summarize equations used for following single cell analysis below
Nominal values of τmax and kτ are summarized in Table S2 . Note that as kτ − → ∞ or c − → 0 , the model reduces to the 47 baseline model. However, in the range where c 0, kτ regulates the Ca 2+ pulse width. Properties of the modified model. As with the baseline model (1), V PLC encodes the maximum production of IP3 and encodes 52 the agonist concentration and is a Hopf bifurcation parameter (Fig. S2) . Namely, there is a critical threshold on V PLC where Table S1 and Table S2 . Table S1 and   Table S2 . Increasing kτ for fixed stimulus V PLC = 1.2, increases duty cycle. The parameters are given in Table S1 and Table S2 . For simplicity, we assume cells are homogeneous, namely with same parameters as described in Table S1 and Table S2 . The green arrows show the direction of gap junction communication. The amount of stimulus applied to cell i is denoted by
Ramezan
Permeability of GJ's affect wave speed. It is known that diffusion of second messengers allow for intercellular communication.
90
Within the context of Ca 2+ signaling, diffusion of the IP3 is known to be responsible for propagating communication of 91 Ca 2+ signal dynamics across tissues . It is assumed that due to buffering of Ca 2+ , Dp Dc. In Fig. S6 , we incrementally 92 increase the permeability of GJ's to analyze the effect of Dp. For these simulations, we assume only the first cell is stimulated.
93
When there is no GJ communication, there is no propagation. Increasing Dp causes wave propagation and the speed of waves 94 is proportional to Dp. is reduced to 0.65. The other parameters are the same as described in Table S1 and Table S2 .
While reducing the V PLC weakens the positive feedback term in the IP3 differential equations, similar effect occurs if 101 degradation rate k5P of IP3 is increased. In Fig. S8 , this effect is depicted by increasing the amount of k5P in cells (A) 10 For both panels, the left most cell is stimulated and the rest of the cells are not. (A) k 5P at cell 10 is increased to 1.5 (B) k 5P at cell 30 is increased to 1.5. The other parameters are the same as described in Table S1 and Table S2 .
The simulations above demonstrate the important role of IP3 in wave propagation in this model. Specifically, variations in 105 V PLC and k5P have an impact on wave patterning (namely, initiation sites and formation of preferential waves).
106
Effect of pulse width. The pulse widths of Ca 2+ signals can be varied by changing kτ . As it can be seen in Fig. S9 , longer pulse 107 widths cause more overlap between signals in consecutive cells. parameters are the same as described in Table S1 and Table S2 .
Effect of V PLC gradient. The presence of a gradient in V PLC cause variable speeds in wave propagation. As it can be seen in Table S1 and Table S2 .
What triggers wave propagation?. So far, we have considered wave propagation in a deterministic regime, in the sense that the 111 effect of heterogeneity and initial conditions were ignored. Is the diffusion of IP3 the sole reason for triggering waves? Here, we 112
show that the answer to this question is negative. We show that the necessary conditions for triggering waves are (i) energy 113 content in the diffusive IP3 pulse, (ii) the fraction of inactive IP3 receptors must be above a threshold. 114 To prove above claims, we performed a series of simulations using the single cell model which reveal the reason behind 115 wave propagation. We modeled external diffusive IP3 as a square pulse up(t) with limited duration, thus the IP3 dynamics was 116 modified as follows:
118 Fig. S11 shows the effect that diffusive IP3 pulse can cause Ca 2+ pulses to occur. Fig. S11A shows the lack of dynamics 119 when no external IP3 diffused. In Fig. S11B -D, the same diffusive pulse is applied at different times denoted by t0. In (B), there is no Ca 2+ response, while in (C) and (D) the Ca 2+ response is triggered. The reason for this is that the activation of The other important factor is the energy of diffusive pulse defined as u 2 p (t) dt. Fig. S12 illustrate this fact by applying 124 diffusive IP3 pulses with different energy levels applied at the same time. Table S1 . All diffusive IP3 pulses applied at the same time (at 20 minutes) and the shape of pulse is magnified in all panels. (A) no Ca 2+ response due to weak pulse, (B) Ca 2+ response is observed by increasing pulse width , (C) no Ca 2+ response (while the area under curve compared to (C) is fixed), (D) longer pulse width compared to (C) cause Ca 2+ response. This suggests that the strength of diffusive depends on the overall energy of diffusive IP3 pulse.
The above analysis has following important consequences when studying tissue Ca 2+ signaling: We can treat the diffusive Table S1 and Table S2 . In (A), the wave propagates. As it can be seen in (B), (C) and (D), the state of the cell can modify or even inhibit wave propagation. While there is small delay at panels (B) and (C), the wave completely stops in (D).
Formulation of the full 2D tissue-scale model
algorithm (9) with four rounds of iterations was used to smoothen the shape of cells. The average number of cell neighbors is 6, 141 which is consistent with literature (see e.g. (10)). In terms of diffusion analysis, the length of edges between cells is used as a 142 factor for modeling the strength of chemical communication through the gap junctions. A basic assumption of the model is 143 that gap junctions are homogeneously distributed along the lengths of cell membranes. Fig. S15 shows the final result for the 144 geometry of the tissue. 2D simulation details. To simulate Ca 2+ dynamics at the tissue level, we solved 3225 × 4 = 12900 ordinary differential equations 146 (ODE). We assumed individual cells are spatially homogeneous. However, when solving for tissue scale, in addition to a system V PLC (μMs -1 ) which is below the bifurcation threshold.
Next we considered the case where the V PLC profile is mostly closed to the Hopf bifurcation, except a tiny fraction of cells, 182 which are initiation sites and have higher V PLC . This scenario is illustrated in Movie S8 and Fig. S19 . Preferential Ca 2+ waves. Preferential waves are the waves which travel in a specific direction. The simulation results suggests 185 that reducing V PLC or increasing IP3 degradation rate within specific regions in the disc inhibits waves to pass those regions.
186
This effect, in return, causes the formation of waves which prefer specific directions. For instance, the experimental data as in 187 Movie S9 demonstrate an instance of radial pattern in Ca 2+ wave in the imaginal wing disc. By choosing V PLC as depicted in 188 Fig. S20 , we see preferential waves.
have smaller values of V PLC as in Fig. S21 . The waves in this scenario tend to annihilate along A/P and D/V axes.
191
Movie S9. Experimental data for radial Ca 2+ pattern.
192
Movie S10. The simulation results of radial Ca 2+ pattern.
193
V PLC (μMs -1 ) Fig. S20 . Stimulation profile for Ca 2+ wave radial pattern corresponding to Movie S10. This figures illustrates the color map of V PLC throughout the tissue. We assumed V PLC remains fixed throughout simulation interval. A single cell is stimulated by setting high value for its V PLC = 1.1. A stripe of cells along A/P axis is chosen to have very low V PLC . The rest of cells have random uniform V PLC ∈ [0.6, 0.7] which is below the bifurcation threshold. Movie S14. The overexpression of G-αq induces Ca 2+ waves.
